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Impact of biomass diversity on torrefaction: Study of solid conversion and volatile species formation through an innovative TGA-GC/MS apparatus
Introduction
The estimations of the National Renewable Energy Action Plans (NREAPs) point out that biomass will significantly contribute to satisfy the energy demand in Europe in the next years. This will require to mobilize unused forest resources, agricultural by products and biode gradable waste [1] . In this context, thermochemical conversion of biomass can play a crucial role in the large scale valorization of un derexploited biomass and biowaste resources [2] . This process is especially suitable for biomass with low moisture content. This kind of biomass includes diverse types of materials, namely coniferous and deciduous wood, agricultural by products and herbaceous crops.
Lignocellulosic biomass is formed by a mostly crystalline cellulose microfibril network surrounded by a matrix of hemicelluloses and small amounts of lignin which give the definitive strength to the structure [3, 4] . The proportions and distribution of these macromolecular com ponents in biomass physical structure is complex and depends on the type of biomass. Besides, interactions between cellulose, hemicelluloses and lignin confer a significant resistance to the structure [3] .
Torrefaction is a mild thermochemical treatment of biomass, typi cally occurring between 200 and 300°C during a few tens of minutes, at atmospheric pressure and in default of oxygen [5, 6] . The solid product obtained has properties close to coal in terms of heating value, carbon content, hydrophobicity, grindability as well as flowability, and is therefore suitable as fuel for combustion, co combustion or gasification [7 9] .
During torrefaction, biomass releases some volatile species. They are classified into non condensable or permanent gases, mainly CO and CO 2 , and condensable species, namely water and various compounds such as acetic acid or phenol [5] . According to Anca Couce and Obernberger [10] , for a torrefaction at 250°C, permanent gases re present about 6 to 12% and condensable species, including water, correspond to 22 to 30% of the product composition in mass percentage of initial wet biomass, the volatile fraction increasing with torrefaction temperature [11] . Regarding the total gaseous products, about 15% of the mass loss is transformed into permanent gases (CO, CO 2 ), 30 to 50% produces water, and the rest of the products are condensable species [5, 8, 12] . The production of some of these volatile species can damage the torrefaction installation, as for example a high acid production. However, other species may also be valorized as source of high added value "green" chemicals [13 15] . For example, acetic acid has been pointed out as a green herbicide [16] that does not persist in the en vironment [17] . It is crucial to characterize the production of volatile species, as well as the solid transformation, in order to optimize the control of the torrefaction process and to design industrial torrefaction units.
There have been many torrefaction studies during the last ten years in literature. However, only one or few biomasses were considered in each study [18 27 ]. Furthermore, those torrefaction studies frequently focused either on solid transformation or on volatile/gaseous species release, without considering systematically both aspects simultaneously [28 32] .
Up to now, the thermogravimetric analyzer or thermobalance (TGA) is the most common apparatus at lab scale devoted to the study of biomass torrefaction [15, 33, 34] , while experimental pilot plants rather include torrefaction furnaces [5] . In the first case, solid kinetics are analyzed continuously, which is usually replaced in pilot plants by a global mass balance. On the other hand, analytical devices allowing the detection and quantification of the gaseous species released in torre faction can be included in experimental set ups and coupled to the thermobalance. These analyzers are usually FTIR (Fourier Transform Infrared Spectroscopy), HPLC (High Performance Liquid Chromato graphy) and GC (Gas Chromatography). These techniques can be used individually or combined with MS (Mass Spectrometry) or FID (Flame Ionization Detection) [10, 11, 25] . Permanent gases can be analyzed on line by these techniques or collected in a gas bag for later analysis [21] . However, quantification of volatile species is usually limited with the proposed set ups. In the case of a gas analysis by chromatographic methods, the time required for each gaseous fraction to be analyzed limits the number of gaseous fractions that can be analyzed during a single torrefaction experiment (residence time from several minutes to 1 h). This is especially problematic for the study of volatile species re lease in dynamic torrefaction versus temperature, but also in isothermal torrefaction, for analyzing the influence of the residence time on the gaseous release. Other experimental set ups in the literature suggest cooling down of the condensable fraction in a solvent by using a cold trap system, usually between 0 and 80°C, followed by an off line chromatographic analysis [5] . This quantification of the volatile species fraction is limited, particularly for the chemical compounds released in minor amounts.
Based on this background, the objective of this work is to char acterize the torrefaction behavior of various biomass types, both in terms of solid mass loss and volatile species release versus temperature and time. To achieve this goal, solid reduction and volatile species re leased in torrefaction were studied at lab scale in a thermobalance coupled with a gas chromatograph mass spectrometer device through a heated storage loop system (TGA GC/MS). The introduction of this storage system allows analyzing volatile species released at several torrefaction times, independently of the GC/MS analysis time. As a result, the production profiles of the volatile species released in torre faction can be studied in function of time and temperature, as well as the solid transformation.
Materials and methods

Raw biomass description and characterization
Biomass samples were selected in order to represent European di versity, while taking into account their potential availability. They were classified in the following families:
• Coniferous wood: pine, pine forest residues and Scot pine bark.
• Deciduous wood: ash wood, beech, poplar and willow.
• Herbaceous crops: miscanthus and reed canary grass.
• Agricultural by products: corn cob, grape seed cake, sunflower seed shells and wheat straw (2 types).
Pine forest residues, Scot pine bark, reed canary grass and one sample of wheat straw were harvested in Sweden. All the other samples, including the other sample of wheat straw, were harvested in the South of France.
Ash wood and pine were received as woodchips and dried at 60°C during 24 h. This temperature was chosen to mainly remove water but retain extractives in biomass. Pine forest residues, Scot pine bark, beech, willow and poplar were first convectively dried by blowing heated air (40 to 60°C) through a perforated floor, until all the mate rials reached about 5% moisture content (w.b., water basis). Due to their low moisture content, miscanthus, reed canary grass and the agricultural byproducts did not require any drying operation before shredding. Miscanthus and the French wheat straw were received as pellets. All biomasses, except grape seed cake and sunflower seed shells, were then shredded with a Lindner Micromat 2000 (Linder Recylingtech GmbH, Spittal, Austria) with 15 mm screen size. Finally, all biomasses were ground below 500 μm using a Universal cutting mill Fritsch Pulverisette 19 (Fritsch GmbH, Idar Oberstein, Germany). Biomasses were then sampled following standard XP CENT/TS 14780. This procedure ensures sample homogeneity and representativeness in torrefaction experiments [35] .
Biomass properties were measured according to European standards on solid biofuels when existing and internal methods based on best practices otherwise (Table 1) . Details about these methods can be found in Ref. [36] . Values are expressed in % wmf (weight moisture free basis).
Biomass properties were found to be in agreement with literature [37 39] . Woody biomasses, in particular softwood bark, tended to have higher contents in lignin than agricultural biomasses. Woody biomasses were also characterized by lower ash contents. Extractives content ap peared to be higher in coniferous wood and in some agricultural bio masses, namely sunflower seed shells and wheat straw. This result may be considered with caution as different methods are commonly used for woody and agricultural biomasses, and here the method was that used for wood. Hemicelluloses were found in variable amounts among samples. Interestingly, the highest amount was found in corn cob and the lowest amount in grape seed cake, despite the fact that these bio masses are both from agricultural type. Hemicelluloses are mainly composed of xylan for all biomass types except for resinous wood, in which glucomannan predominated ( Table 2 ). The macromolecular composition of herbaceous crops was inter mediate to that of woods and agricultural biomasses. Willow presented a characterization close to that of herbaceous biomasses. Indeed, willow can be considered as a short rotation coppice (SRC) because of its particular growing procedure, being usually harvested at an early age, which leads to a higher ash content and a lower lignin content [25, 40] .
Finally, it is noteworthy that the two wheat straws from different origins had very close ash and lignin contents but significantly different proportions of cellulose, hemicellulose and extractives.
TGA-GC/MS
Torrefaction experiments were performed in a thermogravimetric analyzer (TGA, 92 16.18 SETARAM TGA 92). About 100 mg of biomass sample were loaded in a three plate crucible of 10 mm in diameter, corresponding to a maximum bed thickness of 2 mm of biomass per plate, and suspended in the TGA oven. The position of the three plate crucible in the TGA oven was checked to guarantee the same thermal behavior in the three biomass layers [15] .
Samples were torrefied under a 50 mL min 1 helium flow in the thermobalance. A first preheating of the sample was carried out from ambient temperature to 200°C at 3°C min 1 . By continuing at this heating rate, the sample was heated from 200 to 300°C, and then kept at 300°C for 30 min, which was considered the effective torrefaction temperature range. As a result, 200°C was chosen as the reference temperature for the comparison of the TGA data, as at this temperature the moisture content can be considered as negligible. Helium was chosen as carrier gas because of the further GC/MS analysis of the torrefaction gases. Tests performed with N 2 were shown to give the same results in terms of mass loss kinetics. Preliminary experiments have confirmed that the selected crucible configuration and experimental conditions ensure chemical regime [35] , so that the phenomena involved can be analyzed in function of the biomass type and its composition, independently of heat transfer lim itations.
Condensable species released were sampled every 10°C, between 200 and 300°C, thanks to a heated storage loop system (Chromatostock, Antelia). Then, each volatile fraction was analyzed in GC/MS (Perkin Elmer Clarus 580/Clarus SQ8S, EI ion source, split less injection), in order to determine its chemical composition. 55 chemical species were detected in the chromatogram analysis (m/z = 28 to 300, NIST library for the identification). 23 of these chemical species were quantified thanks to calibrations with chemical standards. The main advantages of introducing the intermediate heated storage loop system is to overcome the difference between the experimentation time, which is about 33.3 min for the dynamic torrefaction, and the time required for the analysis of each condensable species sample in GC/MS, which is 70 min. Furthermore, no condensation is required, so that volatile species can be conserved in gaseous state before their analysis.
The repeatability of the torrefaction experiments was checked by carrying out each experiment twice in TGA GC/MS for a given biomass. The standard deviation in mass loss calculations was below 0.5%. The relative uncertainty on volatile species yield typically lay between 10 and 25%, which was found to be satisfactory when considering the uncertainties due to sampling and to the small amounts to be detected.
Results and discussion
Solid mass loss
Solid mass loss was calculated versus temperature and time for a dynamic torrefaction between 200 and 300°C, at 3°C min 1 , followed by an isothermal torrefaction at 300°C for 30 min (Fig. 1 ). The corre sponding degradation rate curves were also calculated ( Fig. 2) . In the literature, several studies have considered a single biomass per family for the study of solid kinetics in torrefaction [14, 26, 27, 32] . To check this hypothesis, one biomass was selected per biomass family: ash wood for deciduous wood, pine for coniferous wood, one wheat straw for agricultural coproducts and miscanthus for herbaceous crops (represented by dotted lines in Figs. 1 and 2 ).
The final solid mass loss varied according to the 14 biomasses be tween about 20 and 36% at the end of the dynamic stage and between about 33 and 58% after the isothermal stage ( Fig. 1 ). There is therefore about a factor 2 between mass losses according to biomasses, which means that torrefaction conditions in industrial units should be tuned depending on biomass type. a % of total monosugars. b % wmf = water-mass-free (not normalized). Table 2 Neutral monosugars distribution and functional groups of polysaccharides.
The highest mass loss was obtained for corn cob (58.3%), closely followed by miscanthus (57.1%) and sunflower seed shells (54.6%), while the lowest mass loss was found for grape seed cake (33.8%). Such result shows the large diversity of the agricultural byproducts and the impossibility to describe them through one single representative type. However, the role of the macromolecular composition of biomass (Table 1) on its degradation through torrefaction is confirmed. Hemi cellulose rich biomasses suffered a more enhanced solid mass in tor refaction than lignin rich biomasses, represented oppositely by corn cob and grape seed cake. A high cellulose content, such as for miscanthus (45.7%), beech (44.0%) and poplar (44.3%), results in a more enhanced degradation from 300°C. It is noteworthy that among the agricultural biomasses, the two wheat straws had very similar final mass losses of 53.9 and 54.4% respectively, which would tend to suggest that torre faction behavior might be associated to each species. Eventually, woody biomasses were found to be in the middle of the mass loss range, with about 5% of difference among the different samples considered (53.5 to 47.9%). It is interesting to note that, among these woody samples, all coniferous samples showed lower mass loss than the deciduous samples. This result is in agreement with the hemicellulose composition of coniferous woods, mainly based on mannan sugars, which were re ported to be less reactive than xylan based sugars from deciduous wood hemicelluloses [26] .
By analyzing biomass dynamic torrefaction per family, strong differences were found in degradation profiles of agricultural by products. This might be principally derived from their dissimilar mac romolecular composition (Table 1) , with hemicellulose contents going from 26.1 to 36.1%, cellulose contents from 7.5 to 39.8% and, in versely, lignin contents from 60.2 to 15.6%. These values correspond to grape seed cake and corn cob, respectively. As in this case, biomasses exhibiting an opposite macromolecular composition were transformed in torrefaction through strongly different patterns of degradation (Fig. 1) . These results suggest that agricultural biomasses should be therefore seen as a very heterogeneous group. On the contrary, the selected deciduous wood present rather close solid degradation profiles, which might respond to their similar composition (Table 1) . However, this criterion does not seem to be sufficient to describe biomass trans formation in torrefaction. Herbaceous biomasses (reed canary grass and miscanthus) present a similar cellulose, hemicellulose and lignin con tent to that of deciduous wood, but their degradation pattern in tor refaction is different, presumably because of the differences in the biological structure of these two biomass families. Furthermore, a more detailed characterization of biomass macromolecular composition could help to explain this difference. Thus, in the case of lignin, soft wood lignin is reported to be composed of G (guaiacyl ) units, while hardwood lignin is known to be composed of G and Se (syringyl ) units [41] ; lignin from herbaceous plants also contains He (hydroxyphenyl ) units [42] . The three coniferous wood samples also seemed to behave 
. . similarly, but differently to deciduous wood, which might be derived from these differences in their lignin structural units.
In the isothermal torrefaction stage at 300°C, some agricultural biomasses such as wheat straws, sunflower seed shells and miscanthus show a more pronounced diminution of the degradation rate, compared to that of wood, which tends to stabilize.
Two main degradation rate profiles could be identified in the dy namic part of the curves (Fig. 2) . The first profile corresponds to a progressive acceleration of the degradation during the heating period. This is the case of wheat straws, miscanthus, pine, Scot pine bark and pine forest residues. The second typical biomass degradation pattern corresponds to an initial acceleration of the solid degradation until 250 to 270°C, followed by a slower solid degradation until 300°C. This behavior could be observed for grape seed cake, willow, sunflower seed shells and most deciduous woods, namely beech, poplar and ash wood. Finally, two extreme cases of this second behavior are observed, for reed canary grass and for corn cob. For reed canary grass, the solid degradation increases until 275°C, and then the degradation rate slightly decreases. For corn cob, the acceleration of the degradation rate occurs before 280°C and then stabilizes until 300°C. The deceleration of the solid degradation in the isothermal torrefaction (300°C, 30 min, Figs. 1 and 2 ) is more pronounced for wheat straws, followed by mis canthus, sunflower seed shells and corn cob. Finally, grape seed cake, hardwood and softwood deceleration is more attenuated. It is also in teresting to highlight that, for an equivalent final mass loss, the de gradation profile can be different. This is the case of corn cob cake and miscanthus.
By analyzing in depth degradation rate profiles (Fig. 2) , grape seed cake degradation profile seems to be particularly marked by the de gradation pattern of lignin. The relative stabilization of its degradation rate between 250 and 300°C could be explained by its high lignin content (60.2%) and its very low cellulose content (7.0%), which is in agreement with previous studies [26] . On the contrary, this stabiliza tion of the degradation rate does not happen for Scot pine bark: despite its high lignin content (39.6%), a high cellulose content (23.3%) might compensate the mass loss at high torrefaction temperatures (270 to 280°C). Scot pine bark degradation rate profile is closer to that of coniferous wood, more sharpened at intermediate and high torrefaction temperatures (250 to 300°C). This difference could be due to the higher cellulose content of pine compared to those of pine forest residues and of Scot pine bark, as cellulose decomposition occurs around 300°C. On the other hand, the enhanced acceleration of corn cob degradation at low to intermediate temperatures (215 to 275°C) could result from a higher polysaccharide content (39.8% for cellulose and 36.1% for hemicelluloses). No evidence was found to justify the stabilization of the corn cob degradation rate at higher torrefaction temperatures. The higher weight loss of deciduous wood compared to that of coniferous could be explained by their different hemicellulose composition: xylan based hemicelluloses from hardwood would be more reactive than softwood hemicelluloses, mainly composed of mannans and gluco mannans (Table 2) [11, 43] .
These results underline that torrefaction behavior strongly depends on biomass type and on its macromolecular composition. However, this criterion would not seem to be sufficient to describe particularities of biomass degradation profiles in all cases. A deeper analysis on the specific macromolecular components would be required, i.e. the char acterization of the lignin structure on He, G and Se units. Biomass structure, derived from its biological origin, was also shown to influ ence biomass degradation through torrefaction. However, as first ap proach, two categories of solid degradation profiles may be considered to describe dynamic torrefaction. These categories would correspond to agricultural biomasses/coniferous wood/herbaceous crops behavior on the one hand, and to deciduous wood behavior on the other hand (dotted lines in Figs. 1 and 2 ). In the subsequent isothermal torrefaction step, all biomasses show a generally gradual deceleration in their de gradation profile. Finally, decomposing biomass torrefaction in two steps (a dynamic one followed by an isothermal one), from 200 to 300°C, and in chemical regime, simplifies the identification of the in fluence of each macromolecular component in biomass torrefaction. Indeed, at higher torrefaction temperatures (300°C and above), the decomposition of cellulose, hemicellulose and lignin happens simulta neously, which complicates the separation of the phenomena involved [5, 24, 26, 44] .
Evolution of the solid elemental composition
The quality of the solid product after torrefaction was evaluated in terms of the evolution of its elemental composition in C, H and O (Fig. 3) . No further proximate or ultimate characterization could be done because of the small amount of material resulting from the TGA torrefaction tests.
The results show an increase of the carbon content from 17.5 to 48.4% for beech and French wheat straw, respectively. The oxygen content was consequently diminished by 19.0 to 46.5%, respectively for pine and French wheat straw. The hydrogen content remains low and was little affected after torrefaction. • Ash-wood (raw)
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Differences in elemental composition of biomasses considered were enlarged after torrefaction, with agricultural biomasses reaching the highest carbon content. The influence of biomass elemental composi tion on its transformation through torrefaction was not observed.
Volatile species
Identified and quantified species
The volatile species identified during torrefaction experiments are listed in Table 3 
Total production of volatile species
The total production of quantified volatile species released in dy namic torrefaction per mass of biomass transformed was calculated as the ratio between the total volatile species production during one ex periment and its corresponding mass loss. As shown in Fig. 4 , the total production of quantified volatile species was found to lie between 0.01 and 0.03 g (volatile species produced) per g (biomass transformed). As mentioned in introduction, about 15% of the mass loss in torrefaction was reported to produce permanent gases, 30 50% water, and the rest dry condensable species [6] . As the mass loss is of about 0.2 0.4 g per g (initial biomass) for the dynamic step of the torrefaction, the quantified part of the volatile species would represent between 10 and 33% of the total dry condensable species produced in torrefaction. This result seems satisfactory compared to the state of the art in the field. It can be explained by the limits of the technique, especially the complexity of the chromatograms which implies a challenging identification of some volatile species because of overlapping peaks. Furthermore, about thirty other minor chemical species have been identified but could not be quantified. .,.
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The total quantified production of volatile species is similar for biomasses from the same family in the case of deciduous and coniferous wood. However, the quantified production for agricultural coproducts and herbaceous crops corresponds to a larger range. This can be ex plained by the heterogeneity of agricultural biomasses in terms of characterization, as mentioned previously. However, the total produc tion of volatile species has been shown to be different for the two wheat straws, despite their similar characterization and solid mass loss pro files.
Secondly, the quantified volatile species were grouped per chemical family for each biomass (Fig. 5) . Similarities can be found in the dis tribution of the volatile species per chemical nature for the biomass families, namely deciduous wood, coniferous wood and agricultural biomasses (including herbaceous crops). In terms of chemical com pounds, acids are the major family for all biomasses (mainly re presented by acetic acid), followed by alcohols (methanol) and alde hydes (formaldehyde). The exception is for pine bark, for which acids are produced in comparable amounts to the other chemical compounds. The proportion of alcohols and aldehydes in the total volatile species production is more important for coniferous woods, including bark, in detriment of the acid production. Furans, ketones and phenols are also produced for all biomasses in variable proportions. This behavior is in accord with the similarities in the macromolecular composition of the biomasses per biological family.
Production profiles
The production profiles of the quantified volatile species were analyzed per chemical compound versus temperature and biomass type. The points in the production profile curves were connected by B spline interpolation from OriginLab 9.1 for visualization purposes. The max imum temperature of formation mainly differs according to the che mical compound, and only to a lower extent according to the biomass type. (Figs. 6 13) .
By analyzing volatile species release per biomass family (woody, agricultural and herbaceous biomasses), several chemical compounds show similar profiles of formation for biologically close biomasses. This is the case for deciduous woods, especially for ash wood and willow, and, to a minor extent, for poplar and beech. In the other group, con iferous woods also tend to have similar patterns of volatile species formation. As stated in the section about solid, agricultural biomasses constitute a heterogeneous group in terms of macromolecular compo sition (Tables 1 and 2 ) and, consequently, of torrefaction behavior. However, it is noteworthy that almost identical volatile release profiles could be observed for the two wheat straws (Figs. 6 and 7) . As first approach, torrefaction behavior would therefore be characteristic of each biomass species. It may be conditioned by the macromolecular composition of the plant, as well as by the arrangement of its macro molecular components by intra and inter linkages in the structure [46, 47] .
By relating the volatile species formation with the solid mass loss, biomasses exhibiting the highest degradation extents in torrefaction were in general associated with production profiles of a superior order of magnitude. Exceptions were found, as in the case of acetic acid re lease for wheat straw. On the contrary, grape seed cake and coniferous wood exhibit in general low volatile species release.
Secondly, the experimental results were analyzed per chemical compound versus temperature and biomass type.
Acetic acid, which was the major volatile species detected, presents an increasing production with increasing torrefaction temperature, with a maximal production generally at temperatures lower than 300°C (Fig. 6, left) . In the case of coniferous wood, the production profile is more attenuated. According to literature, the acid acetic formation is enhanced by the presence of xylan, while glucomannan, less reactive, leads to formic acid production [43] . This difference was reported to be due to the presence of acetoxy and methoxy groups attached to the xylose units in deciduous wood, which form acetic acid and methanol under torrefaction conditions [11] . As a result, the lower temperature maximum for coniferous wood could be derived from their lower xylan content, which reacts at lower temperatures than glucomannan (Table 2) . Methanol, which is also expected to be mainly produced by hemicelluloses, is characterized by a maximum of its production profile at low temperatures (Fig. 6, right) . This different profile compared to that of acetic acid could be derived from a second source of release of methanol, which could correspond to the scission of the methoxy groups attached to phenolic units from lignin.
Different production profiles were determined for other quantified acid species, namely formic acid and propionic acid. In the first case, an irregular production was measured in function of the torrefaction temperature, which reflects the experimental difficulties to quantify this compound in a complex volatile mixture (Fig. 7, left) . In the second case, the production of propionic acid is enhanced with the torrefaction temperature (Fig. 7, right) . Corn cob and wheat straws present a higher production of this compound, which has been reported in the literature to be derived from conversion of extractives. However, the initial composition of extractives in the raw biomasses does not correlate with the propionic acid production in our case.
Furfural presents a maximum of the production profiles at tem peratures below 300°C (Fig. 8, left) . This result is coherent with pre vious studies indicating that furfural is mainly produced at low tem perature, derived from cellulose and hemicellulose decomposition [41] . Other furans are mostly released at higher torrefaction temperatures, more related to the degradation of cellulose (Fig. 8, right) . Interest ingly, 2 furanmethanol exhibits local minima at 270 and 290°C (Fig. 9,  left) , which can also be found for some biomasses in the case of 2(5H) furanone (Fig. 9, right) .
Phenolic compounds are known to be derived from lignin, which is 
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only partially and progressively degraded under torrefaction condi tions. The phenolic compounds representing the lignin base units, namely phenol, guaiacol and syringol, present production profiles which are enhanced by the torrefaction temperature (Fig. 10 ). This acceleration of the production starts at slightly lower temperatures for syringol, followed by guaiacol and phenol. Syringol is not produced by coniferous wood, which is in agreement with the absence of syringyl units in lignin of this kind of essence [48] .
No other syringyl derived compounds were detected in torrefaction apart from syringol. On the other hand, guaiacyl derived compounds were detected for all biomasses (Fig. 11 ). Eugenol and isoeugenol (cis/ trans) are mostly produced at high torrefaction temperatures and for woody biomasses. Other guaiacyl phenolic compounds, such as eugenol and vanillin, are largely present at low torrefaction temperatures (200 to 210°C), which might be at least partially due to the degradation of biomass extractives. In general, the production profiles of the volatile species derived from the same lignin unit are similar (phenyl , guaiacyl , syringyl ) particularly for woods. Furthermore, the produc tion of the substituted phenolic compounds, such as vanillin (Fig. 11) , tends to start at lower torrefaction temperatures than the lignin base phenolic compounds, guaiacol in this case (Fig. 10) . These results are in accord with previous results reported from Py GC/MS tests [48] .
Concerning other lignin derived compounds, formaldehyde is rather produced by wood at higher torrefaction temperatures. However, it was not detected for grape seed cake, which is the biomass with the highest lignin content. This could be due to a difference in the structure of the lignin from this agricultural biomass, supposed to be composed of He, G and Se units, while lignin from coniferous wood is mostly composed of G units. Its production profile generally tends to be independent of the torrefaction temperature, except for woody biomasses (Fig. 12) .
Per biomasses, similarities were found between corn cob and the two wheat straws for volatile species as guaiacol, acetylfuran and va nillin (Fig. 11) . On the other hand, grape seed cake and sunflower seed shells exhibited very different volatile species release profiles compared to the other biomasses. In the case of grape seed cake, this may be attributed to its exceptionally high content in lignin. For sunflower seed shells, its composition is on the average of other biomasses, except for the ash content, whose influence in torrefaction is not clearly de termined [12] . A detailed study of the structure of grape seed cake and sunflower seed shells, which seem to be particularly different in the family of agricultural biomasses, could help to explain these differ ences. It is interesting to note that herbaceous biomasses generally re main close to agricultural byproducts, due to their similar biological structure and, in some cases, macromolecular composition (example for 2 propanone, 1 (acetyloxy) , Fig. 13 ). Finally, as first approach, a representative of each main wood fa mily, namely deciduous and resinous, seems to be sufficient to describe the formation of volatile species. For agricultural biomasses, one re presentative may be appropriate for herbaceous biomasses but would not be sufficient for agricultural byproducts due to the heterogeneity of the group.
Conclusions
In this work, a large panel of biomass types, including coniferous and deciduous woods, herbaceous crops and agricultural by products, was analyzed in torrefaction. The use of a TGA coupled to a GC/MS through a heated loop system allows to simultaneously acquire in formation on the kinetics of solid mass loss and on the formation of volatile species. The obtained results enabled to draw out several major conclusions regarding biomass torrefaction behavior. Similarities could clearly be drawn for biomasses from the same type, particularly for woody biomasses. Two main categories could be observed in the dy namic part of the torrefaction experiment according to solid degrada tion profiles, with on the one hand deciduous wood and on the other hand all the other biomass types. In the subsequent isothermal step at 300°C, the same solid degradation profile was observed for all bio masses, but with different rates. Regarding volatile species release, a large variety of chemical compounds was identified. Production profiles versus temperature were found to be different among volatile species from the same chemical family. On the other hand, similarities were found in volatile species release for the two woody families, and to some extent for herbaceous ones, while agricultural biomasses showed diverse behaviors. This could be explained by the heterogeneity of these biomasses, both in terms of composition and structural matrix. This makes hazardous to describe the behavior of these latter by only one representative biomass, contrary to woody and herbaceous biomass. As a result, the macromolecular composition was confirmed as a de termining parameter of biomass behavior in torrefaction. However, the biological structure of biomass and the intrinsic characterization of ... . . cellulose, hemicelluloses and lignin might also play a role in solid de gradation and volatile species release in biomass torrefaction.
